Molecular communication (MC) allows nanomachines to communicate and cooperate with each other in a fluid environment. The diffusion-based MC is popular but is easily constrained by the transmit distance due to the severe attenuation of molecule concentrations. In this letter, we present a decode-and-forward (DF) relay strategy for the reversible binding receptor in the diffusion-based MC system. The timevarying spatial distribution of the information molecules based on the reversible association and dissociation between ligand and receptor at the surface of receiver is characterized. An analytical expression for the evaluation of expected error probability is derived, and the key factors impacting on the performance are exploited. Results show that with a constant molecular budget, the proposal can improve the performance significantly, and the performance gain can be enhanced by optimizing the position of the relay node and the number of molecules assigned to the source node. Index Terms-Molecular communication (MC), decode-andforward (DF) relay, reversible binding, ligand-receptor I. INTRODUCTION D IFFUSION-BASED molecular communication (DbMC)
strategy has been researched. However, most works assume that receiver node is transparent and the received signal is approximated by the local concentration of the information molecules inside the spherical receiver [5] , [6] . The reversible association and dissociation is a widely observed process for proteins and polymers. The performance characteristics of DF relay in a long-distance MC system using biological cells equipped with association and dissociation receptors should be researched to allow for the classification, optimization and realization of key techniques for internet of bio-nanothings [7] .
In this letter, a DF relay for diffusion-based MC is presented to improve performance in the long-distance scenario. The reversible binding receptor is able to associate a specific type of information molecule near its surface by receptor, and dissociates the molecules previously associated at its surface. The novelties of this letter are summarized as follows.
• A decode-and-forward molecular communication relay scheme for long-distance communication is concerned, in which an analytical model for the ligand-receptor reversible binding based DF relay in the diffusion-based MC system is formulated, and the Skellam distribution to approximate the number of ligand-receptor complex on the surface of receiver is presented. • The corresponding error probability is characterized, and the key factors, such as the relay location, the rate of reversible binding and the number of molecules allocated to source node, impacting on the performance are exploited.
II. SYSTEM MODEL
We consider an unbounded three-dimensional (3D) DbMC system in a fluid environment without flow, consisting of a point transmitter (node S), a spherical receiver with radius r d (node D), and a spherical relay with radius r r (node R) used to extend the communication range, as illustrated in Fig. 1 . The nodes S and D are placed at locations (0, 0, 0) and (d sd , 0, 0), respectively. Node R is spaced between node S and node D along the x-axis.
The on-off keying (OOK) is used, in which the transmission node (S or R) releases a fixed number of molecules at the beginning of a symbol duration to convey information bit "1" and releases nothing to transmit bit "0". The node R first decodes the received signal from node S, and then forwards it to node D. Furthermore, two different kinds of non-interacting information molecules A and B are used at R for detection and re-transmission, respectively. Similarly with [8] , the spherical receiving node (R or D) has no physical limitation on the number and the placement of receptors. Therefore, the number of molecules bound to the surface of receiving node (R or D) is not limited. This assumption is appropriate if the number of molecules is sufficiently low or the acceptor concentration is sufficiently high. It is assumed that the receptors on the surface of node R bind only to the type A molecules released by node S, and the receptors on the surface of node D bind only to the type B molecules released by node R. Once an information-carrying molecule binds to a receptor, a chain of chemical process is triggered to facilitate the counting of the molecules.
The reversible binding of information molecule (ligand) and receptor includes the transport step and reaction step. At the transport step, the transmission node (S or R) releases the processed molecules at the node center. Then, these molecules move independently over the fluidic medium according to Brownian motion to the receptors nearby. At the reaction step, the reflection, association and dissociation are independently executed. When the molecule contacts the receiver surface, it is either associated by the receptor to form ligand-receptor complex, or reflected into the fluid medium based on the association rate k on (µm/s). Based on the dissociation rate k of f (s −1 ), the ligand-receptor complex either dissociates or keeps it steady. When the dissociation occurs, the receptor releases the associated molecules to the fluid environment without changing its physical characteristics [8] . The perfect synchronization among node S, node R and node D is assumed, and the reversible reaction can be described as:
where L, E and M denote a ligand (information molecule), a receptor and a ligand-receptor complex, respectively. To characterize the cumulative number of ligand-receptor complex at node R during the interval [0, t], the cumulative reversible binding rate can be expressed as [8] 
where D A is the diffusion coefficient, Ω rr denotes the surface area of node R, d sr is the distance between node S and the center of node R, and U (w) can be expressed by:
(3) Due to the independent Brownian movement of all information molecules, the time of hit the surface of receiver is random and can span multiple time slots. With the certain reversible binding rate which is derived in (2), the number of molecules bound by receptor at the surface of node R during the interval [0, nT b ] can be approximately modeled as a Poisson distribution:
where λ 1s,r is the mean value of N A s,r (0, nT b ) as: (5) and N A is the number of molecules released by node S to convey information bit "1", x s [i] is the i th information bit transmitted by node S, and T b represents the bit interval. Similarly, we can rewrite N A s,r (0, (n − 1)T b ) as following:
where λ 2s,r is the mean value of N A s,r (0, (n − 1)T b ) as:
Based on (4) and (6), the number of molecules reversible binding by R at the n th time slot can be approximately modeled as the difference between two Poisson distributions:
Note that the dependence between N A s,r (0, nT b ) and N A s,r (0, (n − 1)T b ) can be ignored for a sufficiently big bit interval. The difference N A s,r [n] between two Poisson distribution N A s,r (0, nT b ) and N A s,r (0, (n − 1)T b ) with mean values λ 1s,r and λ 2s,r can be described as a Skellam distribution. Thus, (8) can be rewritten as:
The probability mass function for the Skellam distribution (10) where I m (·) denotes the modified Bessel function of the first kind.
According to (4)-(10), the number of B molecules bound by receptor of node D at the (n + 1) th time slot can be expressed as same as the calculation of the number of A molecules bound by receptor of node R, which is denoted by N B r,d [n + 1]. Thus, the distribution of N B r,d [n + 1] can be written as:
where the mean values are given by:
where N B is number of molecules released by node R to convey information bit "1", x r [i] is the i th information bit transmitted by node R, Ω r d denotes the surface area of node D, and d rd represents the distance between the centers of node R and node D.
III. PERFORMANCE ANALYSIS For the signal detection, the receiver can apply maximuma-posterior (MAP) to decide the received information, which can be expressed as:
where τ R is the detection threshold at node R, andŷ r [n] is the information bit detected by node R in the n th time slot. Node R is assumed to re-encodeŷ r [n] accurately, and forwards to node D at the beginning of the (n + 1) th time slots after the successful decoding, which is denoted by x r [n + 1]. According to Skellam distribution and MAP detection method in (14), the bit error probability of transmitting bit "1" from node S to node R at the n th time slot can be written as: 
where ρ 1 (m; λ 1s,r , λ 2s,r ) denotes the distribution of N A s,r [n] when node S sending the information bit "1" at the n th time slot, λ 1s,r and λ 2s,r are given in (5) and (7), respectively.
Analogously, the bit error probability of transmitting bit "0" from node S to node R at the n th time slot can be expressed as: 
where ρ 0 (m; λ 1s,r , λ 2s,r ) denotes the distribution of N A s,r [n] when node S sending the information bit "0" at the n th time slot.
The probability of sending information bit "0" and bit "1" are Pr (x s [n] = 0) = P 0 and Pr (x s [n] = 1) = P 1 , respectively. In particular, Pr (x r [n] = 0) can be written as:
Similarly with the calculation of the bit error probability of the transmitted information bit from node S to node R as (15) and (16), the bit error probability of the transmitted information bit from node R to node D can be calculated.
The error probability of these two-hops for the n th bit can be written as: According to the chain rule, the first term on the right side of (18) can be derived as:
As a consequence, formula (18) can be derived as:
(20) Considering the special case of P 0 = P 1 = 1 2 , the error probability of two-hop for n th bit can be derived as: 
IV. NUMERICAL RESULTS
In this section, the stochastic simulation framework proposed in [8] is extended. For all cases, the simulation results are averaged over 10 4 independent snapshots. A third bit sequence used in the simulation, where the first 2 bits are "1 1" and the last bit is bit "1" and bit "0", respectively. The units for the association rate k on and dissociation rate k of f are µm/s and s −1 , respectively. Some key factors are set as following: r r = r d = 5µm, D A = 79.4µm 2 /s, T b = 0.7s, the distance between node S and node D d sd = 30µm, and the sampling interval T s = 0.002s [8] . Furthermore, the molecules of type A and type B have the same diffusion coefficient in the fluid environment. The molecular budget of the system keeps constant N A + N B = 2000. Fig. 2 presents the minimum error probability that can be achieved for each position of node R. At each position of node R, the bit error probability versus different decision threshold for both nodes R and D is obtained, and then the optimal decision threshold with the minimal bit error probability is approached. Firstly, it can be observed that the theoretical curves match well the simulation curves, which shows the accurateness of the theoretical analysis. In addition, the concerned DF relay can improve the performance significantly with respect to the direction transmission in our model. For the same k on , the quality of the communication improves with decreasing k of f . This happens because the received signal for bit "1" is more distinguishable than that for bit "0" by decreasing k of f . On the other hand, for the same k of f , the quality of the communication degrades with decreasing k on , which is because the received signal for bit "1" is less distinguishable than that for bit "0" with decreasing k on . Furthermore, it is clearly illustrated that with the increasing distance between the relay location and the middle point, the errors grow up. Especially, when the ratio (d sr /d sd ) is sufficiently large or small, the relay may not be helpful for performance improvement. This happens because when d sr is far away from d rd , the number of molecules released by nodes S and D is not properly assigned.
For different positions of the node R, the quality of the communication with respect to the number of molecules assigned to node S is shown in Fig. 3 . At each position of node R, as the number of molecules assigned to node S increases, the bit error probability significantly decreases until the minimum point is reached, and then the bit error probability increases with the increasing number of molecules. As a result, there is an optimal molecular number, which can yield the minimum error probability for each position of node R. Moreover, the best performance of the proposed DF relay for MC can be achieved in the case of N A = N B and d sr = d rd .
V. CONCLUSION In this letter, an analytical model for the ligand-receptor reversible binding based decode-and-forward (DF) relay molec- ular communication (MC) has been proposed. The number of ligand-receptor complex has been approximately modeled as a Skellam distribution, and the corresponding bit error probability has been theoretically derived and evaluated. The key factors impacting on the MC performance have been exploited as well. The analysis and simulation results have shown that the performance of ligand-receptor reversible binding based DF relay MC can be significantly improved by increasing the ratio of association to dissociation, optimizing the number of molecules distribution scheme, or assigning an optimal location of relay node. In the future, the machine learning can be used for the channel [9] , and some new performance metrics can be researched in the DF relay MC systems.
